ABSTRACT. To characterize amino acid polymorphisms in sheep prion protein (PrP), we analyzed the PrP genes from 271 sheep of 4 breeds (Khalkh, Yeroo, Orkhon and Khangai) raised in central Mongolia (Tuv, Uvurkhangai and Selenge prefectures). A total of 16 genoty pes and 8 allelic variants of the PrP gene at codons 112, 136, 154 and 171 were found. At codon 171, 1.8% of the sheep had arginine/arginine (R/R) (resistant to scrapie) and 66.8% had glutamine/glutamine (Q/Q) (susceptible to scrapie). Several Yeroo and Orkhon sheep raised in Selenge prefecture had valine at codon 136 (136V) (highly susceptible to scrapie). Several Yeroo, Orkhon and Khangai sheep raised in Selenge prefecture had histidine at codon 154 (154H). Novel polymorphisms of valine (V) and serine (S) at codon 127, lysine (K) at codon 171, and leucine (L) and arginine (R) at codon 189 were also found in Khalkh, Yeroo and Orkhon sheep. It is not known whether these novel polymorphisms affect scrapie susceptibility.
Scrapie is a fatal and infectious neurodegenerative disease occurring in sheep and goats. The primary cause of this disease is a post-translational conformational change in a host-encoded cellular protein known as prion protein (PrP), from wild type (PrP C ) to a partially proteinase-resistant form (PrP Sc ), in the presence of prion [25] [26] [27] . Polymorphisms in the PrP gene are associated with scrapie susceptibility.
Nine amino acid polymorphisms of the sheep PrP gene have been described, at codons 112, 136, 137, 138, 141, 151, 154, 171 and 211 [1-6, 10-11, 17, 20-22, 28-29] . Polymorphisms at codons 112, 137, 138, 141, 151 and 211 are rare, and have not been found to be associated with disease phenotype in natural or experimental scrapie [3, 21, [28] [29] . A polymorphism at codon 136 has been found to be associated with scrapie susceptibility in both experimental [11] [12] and natural scrapie [15, 21] . Studies have shown that a polymorphism at codon 171 is associated with susceptibility to experimental scrapie in Cheviot sheep [12] and natural scrapie in Suffolk sheep [30] . The association between scrapie susceptibility and polymorphism at codon 154 is currently unclear, but evidence suggests that histidine at codon 154 is associated with low susceptibility to scrapie in some breeds of sheep [9, 28] . Researchers have found that the PrP allelic variant alanine/arginine/arginine (ARR) at codons 136, 154 and 171 is associated with resistance to scrapie in several breeds [1, 3, 6, 12, 15, 17, 21] . In Suffolk sheep, in which the PrP allele valine/arginine/glutamine (VRQ) at codons 136, 154 and 171 is rare or absent, the wild-type PrP allele alanine/arginine/glutamine (ARQ) is associated with susceptibility to scrapie [7, 8, 10, 16, 18, 30] .
The current sheep population in Mongolia is estimated to be over 13.8 million. The native breed, Khalkh, comprises about 90% of Mongolian sheep. This breed possesses desirable features such as has hardiness and prolificacy, with good meat, fat and wool characteristics. Crossbreeding between Khalkh and imported sheep started in the 1930s, in an effort to develop tastier meat and higher quality wool [13, 14] . The PrP genotypes of native sheep in Central Asia have not previously been studied. Therefore, we examined the PrP genotypes of 271 sheep raised in Mongolia, including Khalkh (the native breed) and 3 recently developed crossbreeds (Yeroo, Orkhon and Khangai). We examined the sheep for polymorphisms of the PrP gene associated with scrapie susceptibility. DNA extraction and amplification: Blood from 271 sheep was collected using heparin as an anticoagulant. Highmolecular-mass DNA was isolated from blood using QIAGEN kits (Hilden, Germany). The PrP gene, including the entire 794-bp open reading frame (ORF), was amplified in 50-µl reaction volumes by polymerase chain reaction (PCR), using 0.5 to 1 µg genomic DNA in standard PCR buffer (Perkin Elmer, Norwalk, CT) and 25 to 50 pmol each of 2 primers (SPrP-1, 5'-CATCATGGTGAAAAGCCA-CATAGGC-3'; SPrP-2, 5'-GAAAACAGGAAGGT-TGCCC CTATCC-3'), as described by Ikeda et al. [19] . PCR conditions were as follows: initial step, 95°C for 9 min; 50 cycles, consisting of denaturation at 94°C for 0.5 min, annealing at 55°C for 0.5 min, and extension at 72°C for 1 min; final step, 72°C for 7 min. After PCR amplification, the products were electrophoresed in 0.7% agarose gels containing ethidium bromide (0.5 µg/ml), and visualized under ultraviolet radiation. Then, the primers were removed using a Centricon 100 micro-concentrator (Amicon, Bedford, MA), and 1 to 5 µl of the concentrated PCR product was used for direct sequencing.
MATERIALS AND METHODS

Sheep
Cloning and DNA Sequencing: For cloning and DNA sequencing, 794-bp fragments of the PrP allelic variants were amplified by PCR. Amplified DNA fragments were phosphorylated with T4 Kinase (Takara, Kyoto, Japan) and inserted into the EcoRI site of the Bluecript SK + plasmid vector (Stratagene, La Jolla, CA) according to standard protocols [23] . The purified PCR products and the cloned DNA fragments in pBluescript SK + were directly sequenced using an ABI PRISM Dye Terminator Cycle Sequencing Ready FS Kit with a 373S autosequencer (Perkin-Elmer, Norwalk, CT). The DNA sequence data were analyzed using GENE-TYX-MAC software (Software Development Co., Ltd., Tokyo, Japan).
Restriction fragment length polymorphism (RFLP) analysis:
To examine polymorphism at codon 127, DNA was amplified using the following primers: SPrP1, 5'-CAT-CATGGTGAAAAAGCCACATAGGC-3'; SP2, 5'-CACT-TGGTTGGGGTAACGGTAC-3'. Using 10 U of the restriction enzymes AvaII and Hae III (Pharmacia Biotech), 20 µl of the PCR product was digested. The primers SP1 (5'-TTGTGGCTACATGCG GGAAG-3') and SPrP5 (5'-ATAAGCCTGGGATTCTCTCT-3') and the restriction enzyme Sau3AI were used to examine polymorphism at codon 171. The primers SP1 (5'-TTGGTGGCTACAT-GCTGGGAAG-3') and SPrP5 (5'-ATAAGCCTGGGAT-TCTCTCT-3') and the restriction enzyme AluI were used for codon 189. The samples were incubated for 3 to 5 hr at 37°C, and approximately 5-µl aliquots of both digested and undigested PCR products were electrophoresed on 2.5% agarose gels. The fractionation patterns in the gels were visualized under UV light and photographed.
RESULTS
PrP genotypes and allelic variants:
We observed wellknown dimorphisms at codons 112, 136, 154 and trimorphism at codon 171. Eight different allelic variants were found. Using these 8 allelic variants, we found a total of 16 different PrP genotypes. Table 1 shows the genotype and allelic variant frequencies of the 271 sheep examined.
Khalkh: The 172 Khalkh sheep were found to have the Novel amino acid polymorphisms detected in this study: In Khalkh, Yeroo and Orkhon sheep, we found the following novel polymorphisms: codon 127, valine (V; nucleotides GTC) and serine (S; AGC); codon 171, lysine (K; AAG); codon 189, leucine (L; CTA) and arginine (R; CGA) ( Fig. 1 and Fig. 2) .
In 27 Khalkh sheep, we detected a G→A nucleotide substitution at the first position of codon 127 (changed the amino acid from glycine [G] to serine) and a G→T nucleotide substitution at the second position of codon 127 (changed the amino acid from glycine to valine). In 6 Yeroo sheep and one Orkhon sheep, we detected a G→A nucleotide substitution at the first position of codon 127 (changed the amino acid from glycine to serine). In one Khalkh sheep, we detected a C→A nucleotide substitution at the first position of codon 171 (changed the amino acid from glutamine [Q] to lysine). In 15 Khalkh sheep, we detected an A→T nucleotide substitution at the second position of codon 189 (changed the amino acid from glutamine to leucine) and an A→G nucleotide substitution at the second position of codon 189 (changed the amino acid from glutamine to arginine). In 2 Orkhon and one Yeroo sheep, we detected an A→T nucleotide substitution at the second position of codon 189 (changed the amino acid from glutamine to leucine). None of the above novel polymorphisms were not found in Khangai sheep. Figure 2 shows RFLP analysis results that demonstrate novel polymorphisms at codons 171 and 189. Digestion of 171Q/Q (wild type) PCR product (302 bp) with Sau3AI produced 2 fragments: 125 and 177 bp. The enzyme Sau3AI failed to digest 171K/K PCR product (302-bp product remained intact). The enzyme AluI failed to digest 189Q/Q (wild-type) PCR product (302-bp product remained intact). Digestion of 189L/L with AluI produced 2 fragments: 182 and 120 bp.Digestion of 189Q/L and 189Q/R PCR product with AluI produced 3 fragments: 302, 182 and 120 bp.
Two silent substitutions, A→C at the first position of codon 231 (arginine) and C→G at the third position of codon 237 (leucine), were found in all breeds. Polymorphisms previously detected in sheep at codons 137, 138, 141, 151 and 211 [3-5, 22, 28, 29] were not found in the present study.
DISCUSSION
The results of this study show the relative genotype fre- [21] . In the present study, the 154H allele was found in the 3 crossbreeds but not in the Khalkh breed. In one study, this allele was found in 9 scrapie-free Romanov sheep in France [21] . In another study, only a few healthy Suffolk sheep were found to carry the PrP allele MAHQ, and no scrapieaffected Suffolk sheep were found to carry this allele; association of this allele with scrapie is unclear [19] . We found the 136V allele, which correlates with high scrapie susceptibility, in Yeroo and Orkhon sheep, but we did not find this allele in Khalkh or Khangai sheep. In a related study in Ireland, only one of the 188 pedigree Suffolk rams examined had variation at codon 136 [24] . In 3 flocks in the USA (159 healthy purebred Suffolk sheep), the alleles 136A and 136V were found in 97% and 3% of the sheep, respectively [31] . The fact that we did not find the alleles 136A and 136V in Khalkh sheep, which are native to Mongolia, suggests that they were inherited from foreign breeds during the development of the 3 new breeds. We found the novel polymorphisms 127V, 127S, 171K, 189L and 189R in the native Mongolian breed Khalkh. The only novel polymorphisms found in Yeroo and Orkhon sheep were 127S and 189L, which were not found in Khangai sheep. It appears that the novel polymorpisms found only in Khalkh sheep are unique to this breed. However, it is not known whether these polymorphisms are associated with scrapie susceptibility.
The allele consisting of VRQ at codons 136, 154 and 171, respectively, is rare or absent in Suffolk sheep [7, 8, 10, 16, 30] and the Mongolian sheep we examined. The allele consisting of ARQ at these 3 codons is associated with scrapie susceptibility [7, 10, 16, 18, 31] . The proportion of Mongolian sheep carrying the171Q/Q genotype is comparable to those of Suffolk sheep from the USA and Japan [24] . However, the Khalkh and Orkhon breeds had much lower frequencies (0.6% and 0%, respectively) of the 171R/R genotype (which is associated with low scrapie susceptibility) than all Suffolk sheep that have previously been studied (ranged from 4.2% to 48%) [24] . Thus, Khalkh and Orkhon sheep may be more genetically susceptible to scrapie than Suffolk sheep.
There have been no reports of cases of scrapie in Mongolia, but the present results suggest that the majority of Mongolian sheep are potentially genetically susceptible to scrapie. Therefore, we examined brain tissues from 10 sheep with neurological symptoms (4 Khalkh sheep from Tuv prefecture, 3 Khangai from Selenge prefecture, and 3 Orkhon sheep from Selenge prefecture). However, results of Western blot analysis of these tissues were negative for the scrapie form of the prion protein (PrP Sc ) (data not shown). Conclusive determination as to whether scrapie exists in Mongolia will require the examination of many sheep with neurological symptoms.
This study was limited to sheep from central Mongolia, but studies of sheep from other regions of Mongolia are currently being conducted. The findings of these studies may provide information that can be used to select scrapie-resistant sheep for breeding.
